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Impact to Composite Box
Containing Water and Baffles
A series of experimental tests were conducted for low-velocity impact on a composite box
containing water in order to study the fluid–structure interaction (FSI). Then, baffles
were inserted in the box to examine their effect on the structural response of the compos-
ite box. Finally, a computational study was conducted to supplement the experimental
study. The water level inside the composite box was varied incrementally from 0% (i.e.,
no water) to 100% (full water). The impact velocity was also changed. In the experimen-
tal study, strain gauges and the load cell were used to measure the strain responses at the
front, side, and back surfaces as well as the impact force. The results showed that the FSI
effect was significant to the structural responses depending on the water level. The effect
of the baffle was different among the front, side, and back surfaces. Both experimental
and numerical results agreed well. [DOI: 10.1115/1.4034587]
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Introduction
As composite materials have been used for marine structural
applications increasingly, interaction of composite structures with
water should be considered. One aspect is the moisture absorption
in composites, and the other is the dynamic interaction between
the fluid and the structure called FSI. The focus of the present
study is the latter.
The FSI has been an active research topic in pressure vessels
and piping applications. Most of those researches were flow
induced vibrations of pipes and seismic excitation of pressure ves-
sels. Another application of FSI studies was underwater explosion
around structures. Almost every structure in such studies was con-
structed using metals such as steels. Those papers are too many to
be cited here. However, the density of steels is much greater than
the density of water, while the density of a polymer composite is
comparable to the water density. As a result, the effect of FSI was
quite different between the steels and the polymer composites [1].
Much more limited studies have been conducted for the FSI
effects on composite structures [2–7].
Impact studies have been also conducted for composite struc-
tures. The vast majority was without considering FSI [8–11].
Some selective papers considered the FSI effect with low-impact
velocities [4–6]. The studies showed that the effect of FSI was sig-
nificant on the dynamic responses of composites as well as their
damage initiations and progresses. Those studies investigated
composite plates submerged in water and subjected to impact
loading.
Another possible configuration is a composite structure enclos-
ing fluid and subjected to impact loading. Researches on hydrody-
namic ram effects were conducted for composite structures
[12–14]. These studies examined high-velocity impacts with pro-
jectiles traversing through the fluid media contained by composite
structures.
This paper studied the effect of FSI on a composite box con-
taining water and subjected to low-velocity impact. Therefore, the
impact does neither penetrate the structure nor travel through the
fluid medium. The water level was varied incrementally from
empty to full, and the impact velocity was also varied. Both exper-
imental and numerical studies were undertaken to supplement
each other to understand the structural dynamic responses with
FSI. Furthermore, baffles were inserted into the composite box to
examine its effect on FSI between the composite box and the
internal water.
The Description of Experiments section describes the experi-
mental setup and tests, which is followed by the description of the
numerical model. Then, their results are presented and discussed.
Finally, conclusions are provided.
Description of Experiments
First of all, a composite box with four sides was fabricated
using E-glass woven fabric composites. The top and bottom sides
were open. It had a cubic shape with the inside dimension of
0.25m. There was a small variation in the wall thickness. The
average thickness was 2.11mm. The bottom side of the box was
closed by a 12.7mm thick aluminum alloy plate which was
attached to an optical table for vibration isolation. The groove was
Fig. 1 Experimental setup
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made for the aluminum plate, and the composite box was inserted
into the groove with glue. The top side was closed with 12.7mm
thick Plexiglas plate which had a small hole with a plug so that
water could be filled inside the box. Figure 1 illustrates the box
attached to an optical table. Then, a pendulum type loading unit
was used to impact the composite box. The impacting pendulum
had a total mass 2.15 kg, and the length of the arm was 0.47m.
The tip of the steel impact head had a hemispherical shape. A load
cell was attached to the hemispherical impactor to measure the
impact force.
The impact velocity was determined by setting the pendulum at
an initial angle measured from the vertical axis and letting it go
freely. One test was conducted with 45 deg, while the other was
conducted with 25 deg. The former resulted in the impact velocity
1.695m/s, while the latter yielded the impact velocity 0.959m/s.
These velocities were computed from the initial heights assuming
there was no loss in the energy. The impact was applied to the
center of the front face of the composite box. In order to avoid
Fig. 2 Stain gauge locations: (a) front surface and (b) side and back surfaces
Fig. 3 Two baffles: (a) cross-shape baffle called baffle 1 and
(b) box-shape baffle called baffle 2
Fig. 4 Finite mesh for the (a) box and the (b) fluid
Fig. 5 Plot of impact force versus time: (a) zoom-in view and
(b) zoom-out view
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any local denting, a thin aluminum alloy plate of
38.1mm 38.1mm 2mm was attached to the impact side of
the composite box using an adhesive.
In order to measure strains on each side, strain gauges were
attached to each composite surface. Figure 2 shows the strain
Fig. 6 Plot of maximum impact force for different water fill
levels
Fig. 7 Plot of horizontal strain-time history at the front surface
Fig. 8 Plot of strain-time history at the front surface with near
full water levels
Fig. 9 Plot of the maximum strain at the front surface versus
water fill level
Fig. 10 Plot of the maximum strain at the back surface versus
water fill level
Fig. 11 Plot of time for the maximum strain at the back face
versus water fill level
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gauge locations. All strain gauges were attached at the center of
each surface except for the front surface because the impactor
struck the center location. As a result, the strain gauges were fixed
at the bottom left quarter point location of the front surface. Each
strain gauge had two measurements in the horizontal and vertical
directions.
Experimental tests were conducted, while water was filled in
the box incrementally. First, the empty box was tested. Then,
water was filled in the box with 25%, 50%, 75%, and 100%,
respectively. If necessary, water was also filled in a smaller incre-
ment. Another set of tests were conducted with a baffle inserted in
the box. Two different shapes of baffles were used, respectively.
The two baffles are shown in Fig. 3. The total area of openings of
each baffle was the same. The baffle was made of Divinycell vinyl
foam material which is much lighter than water. The first baffle
was constructed of two equal size forms of 0.24m 0.24m with
six square shape holes in each plate. Each hole size was 0.03m.
The second baffle was made of four plates of foam. Each foam
has nine openings of size 0.02m 0.03m. When water was added
to the box, the baffle floated and contacted the top of the box.
Every test case was repeated at least several times to determine
the repeatability of the test results. Enough time was given
between each test so that water became at rest without motion.
Fig. 12 Comparison of strain histories for 50% full cases with
the same impact condition
Fig. 13 Plot of frequency spectrum for 50% full cases corre-
sponding to the two test cases plotted in Fig. 12
Fig. 14 Plot of the lowest frequency as a function of water fill
level
Fig. 15 Plot of the lowest frequency of the back surface as a
function of water fill level for different initial impact velocities
with and without baffles
Fig. 16 Comparison of impact forces at the front face between
the numerical and experimental results without water
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The test results showed very small standard deviations confirming
repeatability. The standard deviation was plotted when the test
results were presented.
Description of Numerical Model
A set of numerical studies were conducted to supplement the
experimental results. Because of symmetry, one half of the box
was selected for the numerical study. The symmetric plane was
located at the middle between the two side surfaces. As a result,
the front and back surfaces were considered only half in the com-
puter model. The composite box was modeled using shell ele-
ments. The four sides of the box had 10,359 elements. The top
and bottom plates had 1750 elements, each. Fine meshes were
used for the impact side as well as the back side, as shown in
Fig. 4(a). The impact hammer was modeled using 2500 solid ele-
ments. The fluid was modeled using 12,300 box-shape elements.
A mesh sensitivity study was conducted based on which an opti-
mal mesh was selected to balance the numerical accuracy and the
computational time.
Figure 4(b) shows the full water mesh to be inserted into the
box. As the water moves inside the box, separation may occur
between the fluid and the structure. Hence, a multimaterial formu-
lation was used for modeling fluid. The multimaterial means that
each fluid element has ability to contain two or more materials, in
this case water and air. As water moves out of a fluid mesh, the
void is filled by air. On the contrary, water can replace air in a
fluid element. As a result, any water motion can be modeled effec-
tively. That is why both water and air are included in the fluid
model. If there were no water movement with 100% full case, the
air mesh does not play any role in the computation. If the box was
partially filled with water, the remaining empty space was mod-
eled using air.
The woven fabric composite material had the same elastic mod-
ulus in the warp and fills directions. As a result, the composite
was modeled as an isotropic material with the elastic modulus
25GPa, Poisson’s ratio 0.3, and density 1900 kg/m3. The bottom
surface was constructed of an aluminum alloy which has elastic
modulus 710GPa, Poisson’s ratio 0.33, and density 2700 kg/ m3.
The bottom side was fully constrained from motion. Top surface
was made of Plexiglas which has elastic modulus 3.0GPa, Pois-
son’s ratio 0.35, and density 1180 kg/m3.
The impactor was initially located just next to the impact site
with the specified initial velocity. Then, the impact–contact condi-
tion was applied between the impactor and the composite box.
The impact–contact condition states that the impactor may be in
contact with or separated from the structure, but it cannot pass
beyond the structural location. That was modeled using the pen-
alty algorithm. On the other hand, the Euler–Lagrangian coupling
was applied to the solid and fluid interface. The numerical simula-
tions were performed using the software LS-DYNA3D [15] which
used the arbitrary Lagrangian–Eulerian (ALE) technique to solve
fluid–structure interaction problems. The explicit time integration
scheme was used in this study, and the time step size was 2 ls.
Results and Discussion
All the following results are for the 45 deg impact without baf-
fles unless otherwise mentioned. Under the same initial impact
condition like the same impact mass and impact velocity, the
water level influenced the impact force applied to the front sur-
face, as shown in Fig. 5. When the water level was 25% or less
called the low fill, the influence of the water was negligible on the
peak impact force. On the other hand, as the water level became
75% or higher called the high fill, there was a large effect of the
water on the peak impact force. However, the maximum impact
force was almost constant. When the water level was at the impact
location, i.e., 50% full water called the mid fill, water affected the
maximum impact force whose magnitude was between the low
and high fills, as shown in Fig. 6. The time when the maximum
impact force occurred was slightly later for the high fill compared
to the low fill. However, the difference is very small. Approxi-
mately, the maximum impact force occurred at 0.12ms for all
impact cases.
All impact forces showed oscillatory changes after their initial
peak values. Then, the low-fill cases had longer contact periods
between the impactor and the structure than the high-fill cases
before their initial separation. The high-fill cases showed addi-
tional contacts after separation from the initial contacts, as seen in
Fig. 17 Comparison of strains at the side surface between the
numerical and experimental results
Fig. 18 Comparison of transverse displacement at the back
surface of the box without water and with 100% full water
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Fig. 5. The motions of the composite front surface and the impac-
tor were observed using a high-speed camera with 1000 frames
per second. The video showed that the front surface of the low-fill
box moved like the first mode shape of a clamped plate. However,
other partially filled box clearly showed higher mode shapes
superimposed on the first mode shape. Periods of higher mode
shapes of the front surface are shorter, and the front surface caught
up the reversing impactor. The 100% full box did not show any
notable higher mode shape but the front surface had a quick
reverse motion compared to that of the empty box. This also
resulted in additional contact after the first contact, as shown in
Fig. 5(b). The secondary contact occurred much later for the
100% full case as compared to others. In addition, the magnitude
of the secondary impact force was the smallest for the 100%
full case. The 75% full case had three contacts after the initial
one. Among the three, the last contact had the greatest contact
force.
The following strains are for the horizontal components unless
otherwise mentioned. The strain gauge location at the front sur-
face is shown in Fig. 2. As the impactor hits the center of the front
surface of the box with the low fill, the front plate started to con-
cave locally from the center. Until the concave shape spread fur-
ther throughout the front surface, the strain gauge showed tensile
strain. As the concave shape spread out widely while the impactor
was in contact with the front surface, the strain gauge showed the
negative strain for the contact duration. On the other hand, the
strain gauge for the mid and high-fill cases showed the opposite
behavior. It varied from compression to tension. The initial con-
tact duration was shorter for the mid to high fills. As stated above,
the mid to high-fill cases had higher frequencies of motion than
the low-fill cases, as shown in Fig. 7.
The maximum magnitude of the front surface strain was in
compression for all the cases except for the 100% full case which
had the maximum tensile strain. The maximum strain was larger
with more water fill in general. However, the 75% full case had a
slightly greater peak strain than the 100% full case. The former
occurred in compression, while the latter happened in tension.
The 50% full case had the maximum strain much later than other
cases, while the 100% full case had the earliest peak strain.
The 90% and 95% full cases were plotted in Fig. 8 in order not to
crowd Fig. 7 too much. Their behaviors were close to that of the
100% full case. However, the 95% full case had the largest tensile
strain, while the 90% full case had the smallest tensile strain
among the three cases, as seen in Fig. 8. On the other hand, the
90% full case had the greatest compressive strain, while the 100%
full case showed the smallest compressive strain. The peak com-
pressive strain was greater than the peak tensile strain in terms of
magnitude for the 90% case. The maximum magnitude of strain at
the front surface gauge was plotted as a function of the water level
in Fig. 9. The maximum strain increased with more water for the
low and mid-fill cases. However, it was different for high-fill
cases, and the 100% full case had the smallest strain out of the
high-fill cases.
Figure 10 plots the maximum strain in magnitude at the back
surface as a function of the water level. All the maximum strains
were in tension. The 50% full case had the smallest strain, while
95% full case had the largest strain. The 90% and 95% full cases
had the maximum strain which was more than twice of that of the
50% full case. The standard deviation was also plotted in Fig. 10.
The 50%, 75%, and 90% full cases have larger standard deviations
than other cases. Especially, the 50% full case showed the largest
standard deviation.
Figure 11 shows the time when the maximum strain occurred.
The maximum strain occurred earlier for the low-fill cases. How-
ever, the high-fill cases, except for the 100% full case, had the
maximum strain at the time which occurred twice later than that
for the low-fill cases. On the other hand, the 50% full case showed
a huge value of standard deviation. This can be explained as fol-
lows. The low-fill cases as well as the 100% full cases had the
maximum strain at the first peak value of the strain-time plot. On
the other hand, 75% to 95% full cases had the maximum strain at
the second major peak. The 50% full case showed two alternative
situations. One had the maximum strain at the first major peak,
while the other had the maximum at the second peak. The maxi-
mum strain for the former was in tension, while that for the latter
case was in compression, as shown in Fig. 12. More than two
dozen tests were conducted for the 50% full case. Each case out
of the two situations occurred for half of the tests approximately.
Fig. 19 Comparison of contour plots of the front surface deformation (a) without water and
(b) with 100% water (a half model because of symmetry)
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In other words, the 50% full case showed bifurcation. In order to
further test the bifurcation phenomenon, the water level was
changed to 55% and 60%, respectively. Bifurcation showed up in
those cases, too.
To explain the phenomenon, the fast Fourier transform (FFT)
was conducted for the strain-time history plots. Figure 13 shows
the FFT plots of the 50% full cases which was seen in Fig. 12.
The plot suggests that two major frequencies competed. One test
showed that the lower frequency had the largest magnitude, while
another test showed that the higher frequency had the largest mag-
nitude. Therefore, the maximum strain was associated with the
lower or higher frequency, which determined the deformation
shape and the time when the maximum strain might occur, as
shown in Fig. 12.
Figure 14 plots the change in the natural frequency of the com-
posite box as a function of the water level. As the water level
increased, the frequency decreased with the greater added mass
effect. However, the decrease in the frequency was not linear to
the increase in the water level.
The next study compared the two different impact forces: one
with 45 deg and the other with 25 deg initial setting angles. The
former has the impact velocity 1.77 times greater than the latter.
Figure 6 compares the impact forces. The ratio of the maximum
impact forces between 45 deg and 25 deg initial setting angles was
almost the same as the ratio of the impact velocity throughout all
water levels. The impact force with baffles in the box was also
compared in Fig. 6. The presence of the baffle had little influence
on the impact force. The difference between with and without a
baffle was very small.
Because the impact force is proportional to the initial impact
velocity, the strains at the front and back are also more or less pro-
portional to the impact velocity as shown in Figs. 9 and 10,
respectively. However, as shown in Fig. 11, the 25 deg impact did
not show the bifurcation phenomenon for the 50% full case. The
maximum strain occurred at the same peak location consistently.
The baffle reduced the strain at the front surface, especially for
the high-fill case, as seen in Fig. 9. On the other hand, the effect
of the baffle 1 was smaller for the back surface, while the effect of
the baffle 2 was larger for the back surface with the high fill. Inter-
estingly, the baffle 1 did not eliminate the bifurcation problem for
the 50% full case, but the baffle 2 did.
The first major frequencies of the back surface were compared
for the two different impact velocities with and without the baffle,
as shown in Fig. 15. The first frequencies were the same without
water as well as for the high-fill case. However, the impact veloc-
ity and the baffle influenced the first frequency for the mid to low-
fill cases. The lower impact velocity showed lower frequencies
than the higher impact velocity for the low and mid-fill cases. The
baffle also lowered the frequency for the 25% full case. The rea-
son that the impact velocity influenced the frequency was due to
sloshing. Different magnitudes of impact forces resulted in differ-
ent amount of sloshing inside the box, which affected the effect of
FSI. Therefore, different effects of FSI yielded different
frequencies.
The next study was the numerical result. First of all, the numer-
ical results were compared to the experimental data so as to vali-
date the model. Figure 16 compares the impact force between the
numerical and experimental results. Then, Fig. 17 compares the
strains of the composite box. The comparison was made at the
font surface of the empty box and at the side surface of the 100%
water-full box, respectively. The numerical results agreed well
with the experimental data, in general. Then, the transverse dis-
placement at the center of the back surface was compared between
the empty and 100% water-full boxes, as seen in Fig. 18. The
internal water reduced the oscillatory motion of the back side sig-
nificantly. The comparison showed that the 100% full water
yielded much greater displacement with one order magnitude.
Figures 19–21 compare deformation contours at the front, side,
and back surfaces with 100% full water and without water. The
deformations of the front surface were similar between the two
cases at least qualitatively as shown in Fig. 19, even though they
were different quantitatively in terms of magnitude and frequency.
Both cases vibrated in the first mode shape because the impactor
hits the center of the plate. However, the side and back surfaces
showed very different contour patterns. The side surface without
water showed asymmetric contours with larger deformation
toward the impact side, while the side surface with water exhib-
ited more or less symmetric contours, as shown in Fig. 20. The
more uniform deformation was caused by the water. Finally, the
back surface has drastically different contours with and without
water. The back surface without water vibrated more or less ran-
domly, while the water resulted in more regular shape of vibra-
tions, as sketched in Fig. 21.
Another numerical study was conducted assuming the top and
bottom sides constrained simultaneously. Therefore, a quarter
symmetric model could be used for this study. The same impact
loading was applied as before. Figure 22 compares the strains at
the front surface of the empty box with two different boundary
conditions; one with the bottom side constrained and the other
Fig. 20 Comparison of contour plots of the side surface defor-
mation (a) without water and (b) with 100% water
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with both top and bottom sides constrained. Constraining both top
and bottom sides resulted in larger values as well as greater oscil-
latory variations of the strains. In other words, the movable top
reduced the strain and its oscillatory motion. On the other hand,
the water inside the box with both sides constrained reached the
strain-free state much faster with a very high-frequency motion
when compared to the other constrained case, as seen in Fig. 23.
The most significant effect resulting from the extra top constraint
occurred at the back side with the water. The strain at the back
side was significantly minimized with the extra constraint, as
shown in Fig. 24. Constraining both top and bottom sides would
minimize potential failure of the back side of the box.
Fig. 21 Comparison of contour plots of the back surface deformation (a) without water and
(b) with 100% water
Fig. 22 Comparison of strains at the front surface of the empty
box with two different boundary conditions (1/2 sym. means
bottom constrained, 1/4 sym. means both top and bottom
constrained)
Fig. 23 Comparison of strains at the front surface of the 100%
water-full box with two different boundary conditions (1/2 sym.
means bottom constrained, 1/4 sym. means both top and bot-
tom constrained)
Fig. 24 Comparison of strains at the back surface of the 100%
water-full box with two different boundary conditions
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Conclusions
The effect of fluid–structure interaction was studied experimen-
tally and numerically for a composite box containing water and
baffles, which was subjected to low-velocity impacts. The water
level inside the composite box was varied incrementally. The FSI
played a very important role in the dynamic response of the com-
posite box. Some important findings are summarized below.
For the same impact mass and impact velocity, the impact force
was greater with more water in the box. The increase in the impact
force was not linear but in an S-shape as a function of the water
level inside the box. The impact side of the box reversed its
motion quickly after impact and made another or multiple con-
tacts with the impactor when the water level was at least 50%.
When the box had water around 50%, the response of the back-
side surface showed a bifurcation phenomenon. Two different
deformation shapes competed, and the test results at the same con-
dition exhibited two equally split responses. FSI with sloshing
seemed to cause the bifurcation. The baffle 2 eliminated the bifur-
cation but not the baffle 1.
Comparing the deformation of each surface of the composite
box with and without water showed that the back surface had the
major difference due to FSI. The back surface had significant
oscillation around the zero value without water, while it showed
much smoother and larger displacement with water. Additionally,
the side surface without water vibrated with asymmetric displace-
ment contours concentrated toward to the impact side, but with
more symmetric contours with water.
The natural frequency of the box decreased as the water level
increased due to greater FSI effect. However, the natural fre-
quency was also influenced with the impact loading when the
water level was less than 75%. This was due to sloshing which
depended on the impact level. Then, the FSI effect became differ-
ent with different impact levels.
Baffles affected the front surface more than the back surface,
especially with high-water fills. The baffle #2 was more effective,
in general, than the baffle #1. They also changed the natural fre-
quency of the box surface when the water level was less than
75%.
In conclusion, FSI resulted in larger deformations, strains, and
stresses in the composite box. As a result, composite structures
containing fluids should be designed and analyzed with considera-
tion of the effect of FSI.
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